INTRODUCTION P
IEZOELECTRIC materials are widely used as sensors and actuators in electrical and mechanical devices (Jaffe et al., 1971; Waanders et al., 1991; APC International Ltd., 2002) . During the past decade, several novel concepts have emerged in the methodology of fabricating and packaging these piezoelectric ceramic components. These innovations have enhanced the displacement, strain energy, and durability without changing the intrinsic properties of the active ceramic material. Researchers at NASA Langley have developed several novel components including the Thunder actuator and the MacroFiber Composite ''MFC'' (Mossi et al., 1998; Copeland et al., 2000; Wilkie et al., 2000) .
Recently, a new actuator, the Radial Field Diaphragm ''RFD'' has been developed (Bryant et al., 2002a,b,c) . This actuator/sensor is a packaged piezoelectric ceramic that uses a radially induced electric field to afford conical displacement perpendicular to the applied electric field. There are several ways to induce a radial field using certain types of electrode architectures. Two such designs are Inter-Circulating Electrodes ''ICE'' and Interdigitated Ring Electrodes ''IRE'' (Figure 1 ). The use of these electrode architectures for piezoceramics is not new, but the prior art teaches that the radial induced electric field must diminish along the Z-axis in order to induce the asymmetric mechanical strain required for out-of-plane displacement (Dranetz and Cullin, 1961; Takeuchi et al., 2002) . The RFD demonstrates that this ''diminishing electric field'' is not a prerequisite by introducing the radial electric field through both sides of the piezoceramic thereby resulting in enhanced displacement. Additionally, this method of applying a radial field affords similar behavior in other polygon shapes.
Characterization of the RFD actuator is continuing at NASA LaRC. Several preliminary tests to find the actuator configuration that maximizes the free out-of-plane performance of the actuator are included in this paper. The actuator design variables considered during the characterization tests include: the initial poling voltage, diaphragm topology, electrode pattern width and spacing as well as ceramic disk thickness and diameter.
EXPERIMENTAL Materials
The unelectroded PZT ceramics were obtained from Morgan Matroc, Inc. and CTS Wireless, Inc. The epoxy adhesive used was E-120HP from Loctite Corp. The polyimide/copper clad used was Pyralux LF 8510 from Dupont Inc. and the release film and press pads were obtained from Pacothane Technologies Inc. The grip film adhesive used to hold the ceramic wafers on the dicing saw frame was BG Adhesive film sold by Ultron Systems, Inc.
RFD Actuator Fabrication Procedure

ASSEMBLY OF COMPONENTS
All materials were cleaned by wiping with ethanol using a lint-free cloth and handled with latex gloves to prevent contamination. Adhesive was applied across both the top and bottom copper sides of the electrode patterned Pyralux sheets. The wafers were centered on the bottom electrode patterns and the top and bottom electrode patterns were then centered against the wafers. Trapped air pockets were removed by carefully applying pressure to the resulting laminate.
CURING PROCESS
A metal plate was placed on a level surface. One press pad was stacked on top of the plate followed by one sheet of release film and the assembled laminate. On this lay-up was placed another layer of release film and one more press pad and a metal plate. The assembly was placed in a vacuum press for 10 min with the platens open and the vacuum on. The press was heated to 120 C and À700 MPa pressure was applied for 1 h. The press was cooled with the pressure and vacuum released prior to removal of the actuator.
SLICING OF CERAMICS
The diced RFDs were fabricated by placing the ceramic disks on a grip frame assembly and dicing the ceramic disks in a preprogrammed pattern using a wafer saw with a 75 mm (3 mil) wide diamond blade. The cut ceramic pieces were transferred directly to the adhesively coated etched clad. The adhesive was then lightly cured to facilitate removal of the grip film without removing the ceramic from the etched clad.
Characterization
The topographical profiles as a function of DC voltage were acquired using a Brown & Sharp Chameleon 153010 5S2 Validator. The displacement data was acquired with the use of a Newport 850F LVDT, a Trek Model 609E-6 high voltage amplifier, and a Lab-View data acquisition software program. Localized in-plane strain data was acquired with wireresistance XY-strain gauges from Measurements Group, Inc., a Trek Model 609E-6 high voltage amplifier and a Lab-View data acquisition software program. All RFDs were measured while constrained 2-3 mm from the ceramic perimeter using Plexiglas Õ circular window clamps constrained about their perimeter with the exception of the strain-gauged RFDs, which were measured unconstrained at 0.1 Hz sine.
Conversion Factors
1 mil ¼ 25.4 ($25) mm 1 mm ¼ 39.37 ($40) mil 1 in. ¼ 2.54 cm.
RESULTS AND DISCUSSION
RFD Manufacture
The fabrication of RFD actuators is accomplished in a multi-step process (Figure 2 ). After the wafers are cleaned (Figure 2(a) ), a thin coat of adhesive is doctored to the copper-etched side of the dielectric films (Figure 2(b) ) and the wafers are centered on the circular patterns of one of the copper dads (Figure 2(c) ). Next, the top electrode patterned film is placed, glue-side down, on the bottom pattern with the ceramic wafers sandwiched between (Figure 2(d) ). The clad laminate is carefully aligned and trapped air (Figure 2(e) ) is removed. The entire assembly is placed in a vacuum press (Figure 2(f )) and cured according to the schedule of the adhesive supplier. To allow for uniform pressure distribution and heat flow, the preform is placed between a set of press pads, release film, and a pair of aluminum plates. Once bonded, the individual actuators are punched out from the sheet (Figure 2(g) ), the copper electrode pads are exposed by scraping through the insulating film (Figure 2 (h)) and electric wires are then soldered to the exposed pads so that voltage can be applied for actuation (Figure 2(i) ).
Prior to poling and testing the RFDs, their physical integrity was checked to verify that the processing did not produce any flaws or damage to the materials during assembly. Several assembled wafers were X-ray photographed and diced to examine the laminate structure (Figure 3) . The X-ray revealed that the wafer does not have any cracks and that the diagonal bands are a result of the wire saw slicing of the sintered PZT cylinder block. Also shown was a faint circular pattern of the copper electrodes. The cross-sectional slices revealed that the wafer was not damaged, the copper electrodes laid flat against the PZT ceramic surface, and the dielectric adhesive formed a very thin bold line beneath the electrodes and sufficiently filled in the gaps between the electrodes. One can also see the Pyralux acrylic adhesive used to adhere the copper to the outer layer of Kapton film. The end-view showed that the LF 8510 dielectric clad folded past the edge of the ceramic without cracking the PZT and that there were no voids in the space between the dielectric films. Hence, the fabrication process afforded fully intact and consolidated RFDs.
Nomenclature
The convention that has been adopted to distinguish between the different electrode patterns is now presented. As shown in Figure 4 , two numbers will be used to describe the electrode patterns in mils (0.001 in.). The first number ''X '' is the electrode thickness, and the second number ''Y '' is the center-to-center spacing between electrodes in mils (a millimeter scale is also shown). The other necessary physical distinctions between RFD designs, namely, the ceramic composition and dimensions will be apparent. There are several factors that determine the performance of the RFD. The line spacing and pattern determine the electric field intensity, direction, the resulting strain, and displacement per volt. The ceramic composition and geometry afford the base electrical and mechanical characteristics under the applied electric or strain fields. These factors are coupled to the applied voltage and frequency, which afford the overall levels of strain, displacement and power consumption of the particular RFD. Lastly, the most critical components are the dielectric film and adhesive. The dielectric film gives the package its electrical insulation, chemical resistance and physical durability. The dielectric adhesive is the most vital element as it bonds the RFD together, insulates the electrodes and determines the processing conditions. The adhesive, clad film and ceramic together determine the operational environment for the RFD.
Electrical Characterization
During poling, the initially flat RFDs develop a conical profile. This topology develops in a nearly linear fashion to the magnitude of the applied electric field. In order to determine the proper amount of voltage required to pole and actuate these RFDs, polarization hysteresis ''butterfly'' curves were created for each of the line patterns (except the 3/6 due to manufacturing problems) under quasi-isostatic conditions (0.1 Hz sine). Shown below, in Figure 5 
Side View
End View X-Ray The curves shown in Figure 5 (a) and (b) indicate two types of behavior, the well defined Butterfly curves, in Figure 5 (a), are representative of the line patterns 4/12, 5/21, and 6/30 while the under-developed Butterfly curves, in Figure 5 (b), are similar to the 4/8 and 4/6 line patterns. The cause of the rounded butterfly curves may be the resulting geometric effect of having the line spacing too narrow in comparison to the ceramic thickness, or increased permeability through the dielectric adhesive at high electric fields. Consequently, the 4/8 and 4/6 RFDs were poled at incrementally higher voltages and the out-of-plane displacement was measured as a function of poling voltage (Figure 6 ).
Since the higher poling voltages did not significantly improve the RFD performance, this result suggests that either the increased electric field does not completely infiltrate the ceramic or that the dielectric adhesive's electrical permeability is increased at the higher electric fields. The end result is that there is a critical volume of ceramic that is not sufficiently affected by the increased electric poling fields at these line spacings. Attempts to operate the RFDs at these higher electric fields or extended periods of time resulted in rapid breakdown of the dielectric adhesive and premature shorting of the RFD's electrodes. The results from the Butterfly curves for the various line patterned RFDs are shown in Table 1 .
DC Characterization
It was hypothesized that the conical profile of the RFDs results from the mechanical strain being nearly zero at the perimeter of either the ceramic boundary or the imposed electric field. It was also observed that this profile developed in direct correlation to the voltage level. The topology was not a result of mechanical buckling, as no sudden geometrical change with a slight increase in the applied voltage was observed. The first step in confirming this theory was to map the topology of the RFD at different voltage levels (Figure 7(a) and  (b) ). Since these RFDs would be used in applications where it is clamped around the perimeter, all dynamic and static displacement tests were done in this fashion to best approximate the experimental data with anticipated use.
The results obtained from the tests (Figure 7 (a) and (b)) show that the profiles are conical and displace in a nearly linear fashion with the applied DC field indicating that the displacement and resulting geometric shape are not the result of buckling. The plots shown in Figures 8 and 9 are three-dimensional plots of three types of RFDs.
The plots in Figures 8 and 9 reveal several trends: the profiles of the actuators are comically symmetrical about the Z-axis and XZ-and XY-planes; the edges are nearly straight; the RFDs do not cross the XY plane; and the relative displacement for each circular ceramic is greater than the rectangular ceramic. The plots demonstrate that the RFDs are not bender-type actuators. Plots similar to those of Figures 8 and 9 have been generated for over 80 RFDs of sizes and shapes ranging from less than 2.3 cm to greater than 7.6 cm in diameter with thicknesses ranging from 125 to 225 mm using both 5A and 5H ceramic material with different line patterns and with the two line architectures (ICE and IRE) .
Because the circumference of the RFD undergoes minimal distortion during the application of an electric field, several disks were sliced into 6 and 12 angular pie sections, and their displacements were measured against the nonsectioned counterparts (Figure 10 ) to examine the effects of these less physically selfconstrained elements.
The above histogram (Figure 10) shows that slicing the ceramic disks does not enhance the movement or consistent displacement of the RFDs. Also, when the electric field is applied opposite to the poling voltage, the sliced RFDs tend to perform better (increased displacement below the 0 DC voltage) than their unsliced counterparts. This result leads to the conclusion that the wafer sectioning relieves some of the circumferential or ''hoop'' stress allowing less displacement in the Z-direction. This effect also manifests itself in the ability for the sectioned wafers to return to a more planer profile, than the self-constrained RFDs. The rectangular 
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Out of Plane Displacement 2 kV 1.5 1 kV 0.5 0 kV -0.5 kV Clamp RFD topology plot also supports the conclusion that the decrease in out-of-plane displacement results from stress relief (Figure 9 ). In the rectangle, the radial electric field emanates from a line, not a point. Thus, some of the electric field is parallel to the X-or Y-axis (as is the electrode pattern) and perpendicular to the straight edges of the rectangle. The two central peaks at the apex of the rectangular RFD further illustrate this effect. Hence, the noncircular and sliced RFDs displace less along the Z-axis as they are less physically constrained.
RFD Internal Strain Field
In order to map the actual strain field of the RFD as a function of the displacement, strain measurements of the RFD were taken in the radial and tangential directions, i.e. parallel and perpendicular to the radial electric field. A strain gauge diagram and a gauged RFD are shown in Figure 11 , where the small squares represent radial and tangential XY-strain gauges. Fifteen strain measurements were taken both in the tangential and radial directions with two of the gauges beyond the ceramic boundary.
A 0.1 Hz sinusoidal voltage signal was applied to two different RFDs and both the radial and tangential strains were recorded over four cycles and averaged. Each strain gauge produced a hysteresis loop similar to the one presented in Figure 12 . A linear approximation of each hysteresis loop was calculated and values of strain in parts per thousand ''ppt'' were picked off from the linear fit at applied voltages of À500, 0, 500, 1000, and 1500 V. This process was repeated for all 30 strain gauge hysteresis loops. These linear strain approximations were then plotted against their radial location on the RFD, an example being shown in Figure 13 . Repeating this process for the remaining strain gauges creates radial and tangential strain profiles along the radius of the RFD. 
Radial Electric Field and Radial Strain Gauge Directions
Tangential Strain Gauge Directions Figure 11 . RFD strain gauge setup.
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The radial and tangential strain profiles for 6/30 and 5/21 electrode patterns are presented in Figures 14  and 15, respectively. An unexpected, nonlinear, internal strain field is observed in the RFD.
The above localized radial and tangential strain field results were unexpected, independent of line pattern (except in magnitude) and offered some insight into the unexpected deformation characteristics of the RFDs. The data points were connected by a spline fit and do not create a smooth contour. This result can be explained in that some of these gauges spanned one or more electrode lines that were physical bumps beneath the gauges, resulting in some local alteration of the strain field. The tight radius near the center of the RFD may also bias the strain output of the inner most gauges. Also, the strain field dropped to almost zero at two places, beyond the ceramic boundary (radial and tangential) and at an inflection point approximately 1 cm from the center. What appears to be occurring is that as a voltage is applied in the same polarity as the poling polarity, the RFD interior circumference shrinks (negative tangential strain) and the radial strain goes from negative through zero to positive within the ceramic. The effects are reversed when a voltage opposite to the poling polarity is applied. The effect of this and other evidence leads to the conclusion that the global radial strain is approximately zero, the inflection point does not shift, the tangential strains are relatively constant (at the same voltage level) across the radius of the ceramic disk and the strain levels beyond the ceramic are negligible. Thus, the almost straight-edged pyramidal shape of the RFD (Figures 7-9 ) may be attributed more to the linear tangential strain field, while the minimal strain level beyond the ceramic disk can be attributed to the nearly zero global radial strain and the rapid drop off of the tangential strain. These results lend credibility to the initial observation that the circumference of the ceramic disk remains relatively constant as the RFD actuates. Lastly, these results also show that the electric field (radial) is perpendicular to the major effective strain field (tangential) while the displacement vector is orthogonal to all fields, and that these results along with the mechanical properties of the ceramic are coupled together. 
Effect of Line Spacing
In order to examine the effect of line spacing on displacement, two tests were performed. The first was to electrically isolate the top and bottom patterns and compare the displacements. The second test was to evaluate the displacements of several RFDs using different ceramics, line architectures, and patterns.
Nine 4/12 ICE patterned 5.1 cm diameter 175 mm thick RFDs were fabricated with the top and bottom electrode patterns isolated. The unpoled capacitance (1 V at 1 kHz) was measured, then these RFDs were poled (see Table 1 ) and the initial capacitances and displacements (0.1 Hz sine using À0.5 to 1 kV (1.5 kVp/p)) were measured. The patterns were then electrically connected and the RFDs were repoled and the procedure was repeated to obtain the final values ( Table 2) .
The displacement data shown in Table 2 shows the benefit of applying the electric field through both sides of the ceramic as opposed to having an asymmetric electric field through the ceramic thickness. The electrical measurements vary in reflecting the values of increased capacitance with displacement as a function of poling state. The reason for this was found later by frequency analysis that indicated a minor electrical resonance around 1 kHz. Thus, any deviations in fixturing, wire length, temperature etc. could cause the 1 kHz capacitance values to fluctuate. However, the general trend should be: unpoled capac.<initial capac.<final capac.
The plots (Figures 16-19 ) below show the displacements of the 5.1 cm (2 00 ) diameter PZT-5A and 5H type RFDs under the indicated conditions. Figure 16 demonstrates that equal electrode spacing and line thickness have the same effect using either pattern type. This result occurs because both architectures introduce the radial field vectors into the ceramic and the line patterns determine the electric field intensities. Hence, similar line patterns afford identical field intensities per volt that result in equivalent displacement per volt. As stated earlier, the composition of the piezoelectric ceramic imparts the baseline electrical and mechanical activity to the device of which it is a component. This effect is illustrated in Figure 17 , where both ICE and IRE line patterns were compared (see Figure 16 ) with two different PZT ceramic compositions, PZT-5A and -5H type, respectively. As previously shown, similar electrode patterns result in equal activity. Also demonstrated is the role of the ceramic in affecting the RFD's performance. The differences in the 5A and 5H ceramics include a ''d'' and ''g'' constant that are $40% greater for the 5H. However, the trend at lower electric fields does not display an enhancement in performance. There could be several reasons for this result including top and bottom electrode misalignment, the electric field intensity, being so low, that the mechanical properties of the ceramic (similar moduli) dominate the electro-mechanical behavior or the signal-to-noise ratio of the coordinate axis machine at these low displacements is effecting the results. As expected, Figure 18 displays the general trend that as the line spacing ratio decreases, the displacement per volt increases (line slope). This effect is expected because the electric field increases per volt as the electrode lines are moved closer together. However, the 4/8 and 4/6 patterns displayed trends that did not directly correlate with this observation. This outcome could be caused by pattern misalignment or geometrical considerations as previously discussed for the butterfly curves (see Figure 5 ). Figure 19 demonstrates that the displacement is independent of the RFD thickness within the range tested. Similar results were obtained for the 6/30 and 5/21 line patterns.
Low Frequency Characterization
Out-of-plane displacement of the RFD at low frequencies was also investigated. The 5.1 cm PZT-5A RFD frequency response for 41/12, 41/21 and 61/30 line patterns were tested at frequencies ranging from DC to 10 Hz. RFD performance decreases approximately 30-50% from DC to an operating frequency of 10 Hz and is compared in Figure 20 with a 5.1-cm brass unimorph with a 2.5 cm element PZT-5H exhibits losses of about 10% over the range tested. Figure 20 demonstrates the increased displacement of the RFDs as compared to a conventional unimorph. However, this displacement requires much higher voltages, and the RFD is less efficient than the unimorph in displacement per volt (Table 3 ). This result is caused by the increased electric field required because the distance between electrodes of the RFD is greater in comparison to the unimorph ($ 100 mm thick) and the electric field may not fully penetrate into the ceramic.
The capacitance of the RFDs are much lower than that of the unimorph indicating that the RFDs consume less power per volt than the unimorph. This effect is shown in the formula for Capacitance (1), where ''" 0 '' is constant, the actual areal coverage ''A'' of the electrodes is less (via interdigitation), and the value of ''d '' is greater for the RFDs than the full areal coverage and distance between the electrodes on the unimorph. The decreases in the nominal value of the ''A/d '' ratio afford lower capacitive loads, resulting in less power consumption.
A lifecycle test on a 5.1 cm Â 175 mm thick dia. PZT 5A type RFD is shown below (Figure 21 ). This test is being run at 10 Hz sine using 1.5 kVp/p with þ250 V DC bias under no load conditions at ambient temperature. This plot shows an overall $40% loss in displacement from 0 to 150 M cycles at both 0.1 and 10 Hz with minimal loss occurring below 50 M cycles.
CONCLUSIONS
Characterization efforts of the RFD have shown that decreasing the distance between electrodes generally increases RFD performance. However, some disadvantages arise at smaller electrode pattern sizes. Specifically, as the pattern becomes more intricate, shorts between the electrodes occur more frequently, therefore careful alignment of the electrodes and removal of all contaminants is necessary. RFDs with an electrode spacing of 3/6 were also fabricated, but the etching drop out rate using LF 8510 was too high to warrant their examination. Generally, intricate electrode patterns increase performance but also increase cost and difficulty of manufacturing and decrease reliability. The 4/8 and 4/6 electrode patterns exhibit the largest displacement per volt but are self-limited by the dielectric adhesive. Thus, RFD performance and reliability could be increased using a higher strength dielectric adhesive, fabricating the RFD in a clean room, and using different piezoelectric ceramic types.
The novel LaRC RFD piezoceramic actuator combines high out-of-plane strain per volt, unconstrained and concentric motion under fixed conditions, ease of fabrication, and low cost of manufacture. The RFD's chief improvement over existing piezoelectric actuators is the lower power consumption and the ability to concentrically deform with fixed boundary conditions. These advantageous properties negate the need for any compliant fixture. This advantage makes the RFD ideal for pumps and for acoustic and sensing applications. Radial Field Piezoelectric Diaphragms
